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(57) ABSTRACT

A system includes at least one generator coupled to an island
grid, at least one energy storage unit and at least one converter
coupled to the at least one energy storage unit and configured
to be coupled to the island grid. The system further includes
a control circuit configured to cause the at least one converter
to transfer power between the at least one energy storage unit
and the grid responsive to a change in a load on the island grid
to maintain operation of the at least one generator at a prede-
termined operating point. The at least one generator may
include a control system configured to match generator out-
put to the load and the control circuit may be configured to
maintain the control system of the at least one generator
within a predetermined dynamic response capability limit
responsive to the change in the load.

15 Claims, 13 Drawing Sheets
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ISLAND GRID POWER SUPPLY APPARATUS
AND METHODS USING ENERGY STORAGE
FOR TRANSIENT STABILIZATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the priority of U.S. Provisional
Patent Application No. 61/712,533, entitled Island Grid Tran-
sient Frequency Stabilization Apparatus and Methods, filed
Oct. 11, 2012 and U.S. Provisional Patent Application No.
61/771,417, entitled Solid State Generator (SSG), filed Mar.
1, 2013, the disclosure of each of which is incorporated herein
by reference in its entirety.

BACKGROUND

The inventive subject matter relates to power systems and,
more particularly, to island grid power supply systems and
methods.

In power grids, the AC frequency is generally an important
parameter. For example, devices attached to a grid often syn-
chronize themselves to the grid frequency. Grid-connected
devices, such as transformers, motors and the like, are typi-
cally designed to operate at or near the nominal grid fre-
quency.

Inisland grid applications, generating assets, such as diesel
or gas powered generators and turbines, may experience tran-
sient conditions that cause the frequency of the grid to vary
significantly. These transient conditions may include, for
example, large load changes and sudden changes in power
source availability, such as a fuel-powered generator shutting
down or a variation in supply from a generating asset such as
a wind or solar generator. Such variations in line frequency
may result in dropped loads or damaged equipment. Such
problems may be particularly pronounced in systems that use
engine/generator sets powered by natural gas or other lower
energy density fuels.

Island grid generators are often sized with significant
excess rated continuous power capacity in order to carry peak
loads, respond to large transient load steps, and provide
redundancy in support of mission-critical operations. They
may operate at very high utilization rates, for example, 24
hours a day, 7 days a week, 365 days a year, but at relatively
low real load factors, commonly between 15-50%, for
extended periods of oft-peak time. Furthermore, manufac-
turer warranty requirements may result in additional costs
due to the use of self-imposed, manual load banks. This
operating profile may result in lower fuel efficiency, excessive
wear and tear on generators, and notable increases in particu-
late matter (PM) and hydrocarbon (HC) emissions due to the
incomplete combustion of diesel or natural gas fuel.

Natural gas is becoming a more desirable fuel for power
generation than diesel because of lower fuel cost and emis-
sions. The potential drawbacks of natural gas engines include
reduced step response capability and poor control perfor-
mance with light loads.

SUMMARY

In some embodiments of the inventive subject matter, an
island grid power supply system includes at least one energy
storage unit and at least one converter coupled to the at least
one energy storage unit and configured to be coupled to an
island grid. The system further includes a control circuit
configured to detect a frequency variation of the island grid
and to responsively cause the at least one converter to transfer
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2

power between the at least one energy storage unit and the
island grid. The control circuit may be configured to cause a
power transfer between the energy storage unit and the island
grid to compensate for a load response delay of at least one
generator coupled to the island grid.

In some embodiments, the control circuit may include a
frequency control loop configured to reduce a frequency error
of the island grid and a power control loop configured to
reduce a power transfer between the energy storage unit and
the island grid. The control circuit may be configured to
control a power transfer from the energy storage unit to the
island grid based on a combination of outputs of the fre-
quency control loop and the power control loop.

In some embodiments, the at least one energy storage unit
may include a first energy storage unit and a second energy
storage unit, and the control circuit may be configured to
selectively transfer power between the first and second energy
storage units and the island grid under respective first and
second load conditions. The first energy storage unit may
have a greater demand capability than the second energy
storage unit and the second energy storage unit may have a
greater energy storage capacity than the first energy storage
unit.

Further embodiments provide a system including an island
grid and at least one engine/generator set coupled to the island
grid. The system further includes a transient frequency stabi-
lization system including at least one energy storage unit and
configured to detect a frequency deviation of the island grid
and to responsively perform a momentary transfer of energy
between the energy storage unit and the island grid. The
transient frequency stabilization system may include at least
one converter coupled to the at least one energy storage unit
and configured to be coupled to the island grid and a control
circuit configured to detect a frequency variation of the island
grid and to responsively cause the at least one converter to
transfer power between the at least one energy storage unit
and the island grid.

In some embodiments, the at least one engine/generator set
may include at least two engine/generator sets coupled to the
grid and the system may further include a system controller
configured to control the at least two engine/generator sets
responsive to an availability of the transient frequency stabi-
lization system. In some embodiments, the at least one gen-
erator may include a variable speed generator.

In still further embodiments, a system includes at least one
generator coupled to an island grid, at least one energy storage
unit and a converter coupled to the at least one energy storage
unit and configured to be coupled to the island grid. The
system further includes a control circuit configured to cause
the converter to transfer power between the at least one energy
storage unit and the grid responsive to a change in a load on
the island grid to maintain operation of the at least one gen-
erator at a predetermined operating point. The at least one
generator may include a control system configured to match
generator output to the load and the control circuit may be
configured to maintain the control system of the at least one
generator within a predetermined dynamic response capabil-
ity limit responsive to the change in the load.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to pro-
vide a further understanding of the inventive subject matter
and are incorporated in and constitute a part of this applica-
tion, illustrate certain embodiment(s) of the inventive subject
matter. In the drawings:
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FIG. 1 illustrates an island grid power supply system
according to some embodiments;

FIGS. 2 and 3 illustrate frequency and power response to a
load step without and with a solid state generator (SSG)
according to some embodiments;

FIG. 4 illustrates frequency and power control loops for an
SSG according to some embodiments;

FIG. 5 illustrates charging and discharging operations of an
SSG according to some embodiments;

FIG. 6 illustrates an island grid power supply system using
fixed speed generators in conjunction with an SSG according
to further embodiments;

FIG. 7 illustrates an island grid power supply system using
fixed and variable speed generators in conjunction with an
SSG according to further embodiments;

FIG. 8 illustrates an island grid power supply system using
an SSG having energy storage units with differing demand
capability and storage capacity according to further embodi-
ments;

FIG. 9 illustrates frequency response of a typical diesel
generator,

FIG. 10 illustrates an example of a typical load profile for
an industrial, marine or oil & gas site;

FIG. 11 illustrates operations of generator and SSG com-
ponents of an island grid power supply system according to
some embodiments;

FIGS. 12 and 13 illustrate generator and SSG power flows
of an island grid power supply system according to further
embodiments; and

FIGS. 14 and 15 illustrate volume versus storage capacity
characteristics of various types of energy storage devices.

DETAILED DESCRIPTION

Embodiments of the inventive subject matter now will be
described more fully hereinafter with reference to the accom-
panying drawings, in which embodiments of the inventive
subject matter are shown. This inventive subject matter may,
however, be embodied in many different forms and should not
be construed as limited to the embodiments set forth herein.
Rather, these embodiments are provided so that this disclo-
sure will be thorough and complete, and will fully convey the
scope of the inventive subject matter to those skilled in the art.
Like numbers refer to like elements throughout.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first ele-
ment, without departing from the scope of the inventive sub-
ject matter. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed
items.

It will be understood that when an element is referred to as
being “connected” or “coupled” to another element, it can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. It will be further understood that elements
“coupled in series” or “serially connected” may be directly
coupled or may be coupled via intervening elements.

Throughout the specification, like reference numerals in
the drawings denote like elements. The terminology used
herein is for the purpose of describing particular embodi-
ments only and is not intended to be limiting of the inventive
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subject matter. As used herein, the singular forms “a”, an and
the are intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further under-
stood that the terms “comprises” “comprising,” “includes”
and/or “including” when used herein, specify the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations, ele-
ments, components, and/or groups thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this inventive subject matter belongs. It will be further
understood that terms used herein should be interpreted as
having a meaning that is consistent with their meaning in the
context of this specification and the relevant art and will not
be interpreted in an idealized or overly formal sense unless
expressly so defined herein. The term “plurality” is used
herein to refer to two or more of the referenced item.

Some embodiments of the inventive subject matter provide
transient frequency stabilization systems and methods that
may be used with one or more diesel, gas or other generators
(piston, rotary, microturbine, fuel cell, etc.) in island grid
applications. In such applications, generating assets, such as
diesel or gas powered generators and turbines, may experi-
ence transient conditions that cause the frequency of the grid
to vary significantly. These transient conditions may include,
for example, large load changes and sudden changes in power
source availability, such as a fuel-powered generator shutting
down or a variation in supply from a generating asset such as
a wind or solar generator. Such variations in line frequency
may result in dropped loads or damaged equipment. Such
problems may be particularly pronounced in systems that use
engine/generator sets powered by natural gas or other lower
energy density fuels.

In some embodiments, a transient frequency stabilization
system may use energy storage in the form of a lithium-ion
battery bank, ultra capacitor bank, flywheel storage, com-
pressed air storage or the like that is selectively coupled to the
grid using a power converter circuit (e.g., an inverter). In
some embodiments, such a device may have a limited capac-
ity and may be controlled with relatively small time constants
in order to compensate for short term frequency variations.
This may help reduce excessive fuel draw for rapid accelera-
tion or deceleration and reduce mechanical stresses on
engine/generator sets arising from sudden load steps. Such
apparatus and methods may also help protect downstream
devices from voltage sags, surges and frequency variations.
Such apparatus and methods may be particularly advanta-
geous for use in power distribution applications in which a
relatively small diesel or gas generator-driven grid is subject
to relatively large load changes due to the use of motors and
other devices that draw heavy currents, such as in power
distribution systems of large commercial vessels, work boats
and remote oil and gas exploration sites. A transient fre-
quency stabilization system according to some embodiments
may be configured as a “drop-in” device that may be con-
nected to the grid without requiring communication with an
engine/generator set and/or system controller.

FIG. 1is a block diagram illustrating a transient frequency
stabilization system 100 according to some embodiments.
The system 100 is coupled to an island grid 10 that is powered
by at least one engine/generator set 20, which may be, for
example, diesel and/or natural gas powered. The system 100
includes an energy storage unit 110 coupled to a DC/AC
converter circuit 120. The DC/AC converter circuit 120 may
include an inverter, along with other power processing cir-
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cuitry, such as boost or buck converter circuit. A control
circuit 130 controls the DC/AC converter circuit 120. State of
charge, voltage, temperature and other characteristics of the
energy storage unit 110 may also be monitored by the control
circuit 130.

The energy storage unit 110 may include electrochemical
storage, such as lithium-ion batteries and/or ultracapacitors
(electro-chemical double layer capacitors) and/or other types
of storage systems, such as a flywheel-based or compressed
air based storage system. For example, lithium-ion cells may
be stacked into series strings in order to have a usable working
voltage in the range of 575 VDC to 750 VDC for directly
connected storage, and 275 VDC to 750 VDC for storage
connected through a DC/DC converter. The amount of energy
capacity required may berelatively low. For example, in some
applications, the capacity of the energy storage unit 110 may
be roughly equivalent to 10 or so seconds of the output of the
engine-generator set 20. For a 300 kW engine/generator set,
for example, this would be approximately 1.67 kilowatt hours
(kWh).

According to some embodiments, the energy storage unit
110 may not have a particularly large capacity, but may be
capable of meeting a relatively high instantaneous demand
for a relatively short time interval and, relatedly, capable of
recharging at a relatively high rate. Devices such as ultraca-
pacitors, hybrid battery/capacitor systems, flywheel systems,
compressed air systems and the like may be capable of such
high-demand performance.

The controller 130 may include, for example, a micropro-
cessor, microcontroller or similar computing device(s), along
with circuitry configured to interface the computing device(s)
to the energy storage unit 110 and the DC/AC converter
circuit 120. The controller 130 may include additional com-
ponents, such as interface components (touchpad display,
keyboard, wireless transceiver, etc.), which may display
information about the state of the system and/or accept user
input in order to change its operating mode or configuration,
such as parameters relating to energy storage capacity, volt-
age limits and current limits. The controller 130 may also be
configured to accept user input of information related to
external devices that are also coupled to the grid 10, such as
engine/generator set power rating, frequency limits, and fuel
type, which may be used to control operational characteristics
of'the system 100. As noted above, in some embodiments, the
controller 130 may operate in a standalone fashion without
requiring input from an external device for normal operation.
However, in some embodiments, the controller 130 may
include communications interface circuitry, such as trans-
ceiver circuitry through which it can communicate using
wire, fiber optic, radio and other communications media with
other devices, such as SCADA system components, using, for
example, protocols such as CAN(J1939), PROFINET,
PROFIBUS, RS-232, Wi-Fi (802.11), GSM, CDMA, LPRS,
EDGE, and the like. Such circuitry may be used, for example,
to communicate status information to external devices and/or
to allow for configuration and/or maintenance of the system
100.

The controller 130 may cause the DC/AC converter circuit
120 to selectively operate the energy storage unit 110 as a
transient energy source and/or sink for the grid 10 to com-
pensate for load and/or source step changes. In a non-inter-
ventive state, the DC/AC converter circuit 120 may process
little or no power except, for example, to transfer energy to or
from the grid 10 to maintain a desired charge level for the
energy storage unit 110. When a frequency deviation associ-
ated with a load step change is detected on the grid 10,
however, the controller 130 may activate the DC/AC con-
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verter circuit 120 to momentarily source or sink power in
order to help restore a previously held frequency. After such
an intervention to help stabilize the frequency, the controller
130 may again return to the non-interventive state.

FIGS. 2 and 3 compare simulated transient engine fre-
quency responses and output power responses, respectively,
for an engine/generator set, such as the engine/generator set
20 of FIG. 1, responding to a step load change with and
without a transient frequency stabilization system, such as the
transient frequency stabilization system 20 of FIG. 1. In par-
ticular, FIG. 2 shows a frequency response 210 for a power
system without a transient frequency stabilization system in
comparison to a frequency response 220 for a power system
with a transient frequency stabilization system, illustrating a
frequency deviation that is reduced in extent and duration.
FIG. 3 shows a power response 320 for a system without a
transient frequency stabilization system in response to a load
step increase 310 in comparison to a response 330 with a
transient frequency stabilization system, illustrating compen-
sation for a deficit of power in the moments following the load
step change. This compensation may more quickly restore the
grid to a desired nominal frequency, making up for the lag in
the response of the engine/generator set.

FIG. 4 illustrates an exemplary control loop arrangement
that may be implemented by the controller 130. In a relatively
higher bandwidth loop that is configured to quickly respond
to grid voltage frequency changes, a frequency detector 410
may be coupled to the grid 10 and configured to generate an
estimate or other measure f of a frequency of a voltage on the
grid 10. The frequency estimate f is compared with a refer-
ence frequency valuef,,(e.g., a value corresponding to 60 Hz
or some other frequency at which the bus is operating nor-
mally) at a summer 415, thus generating a frequency error
signal e, The frequency error signal e, may be passed to a
compensator 420, which may include, for example, a filter or
other signal processing element(s). The frequency detector
410 may employ a phase-locked loop or other circuitry for
determining frequency error. The compensator 420 produces
a first converter control component signal c; .

In a relatively lower bandwidth loop that controls output
power of the system, a power detector 430 generates a power
estimate P, which is compared to a reference power value
(e.g., zero) by a summer 415 to generate a power error signal
ep. The power error signal e is processed by a second com-
pensator 440, which produces a second converter control
component signal e,. The first and second converter control
component signals ¢, and ¢, are combined in a third summer
425, to produce a converter control signal ¢, which may be
used to control the DC/AC converter 120. The control struc-
ture shown in FIG. 4 works to drive the frequency of the
voltage of the grid back to the nominal frequency while
driving power supplied from the transient frequency stabili-
zation system 100 to zero, thus producing behavior along the
lines illustrated in FIGS. 2 and 3, i.e., an intervention to more
quickly restore the desired frequency, making up for a lag in
the response of the engine/generator set. In some embodi-
ments, the bandwidth of the power control loop described
above may be 10 or more times less that of the frequency
control loop.

It will be appreciated that the control loop architecture
described above with reference to FIG. 4 is provided for
purposes of illustration and that other arrangements may be
used in various embodiments of the inventive subject matter.
For example, the basic feedback control arrangement shown
in FIG. 4 may be modified and/or supplemented to include
feed forward components, non-linear components, and the
like. In some embodiments, the loop may include non-linear
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thresholds for frequency deviation detection such that, for
example, the loop only responds to deviations having certain
characteristics indicative of certain types of load and/or sup-
ply step changes. The compensation within the loop may be
adaptive such that, for example, different compensation is
provided based on load and/or source characteristics and/or
for frequency deviations caused by different types of events.

In further embodiments, frequency stabilization along the
lines described above may be combined with other stabiliza-
tion measures, such as reactive power and/or distortion VA
control. For example, in addition to the frequency stabiliza-
tion loop described above with reference to FIG. 4, a reactive
power compensation loop may be provided that uses the
energy storage unit 110 to source or sink reactive power to
provide improved power factor and other desired effects.
Such reactive power compensation may also aid in the effec-
tiveness of the frequency compensation provided by the sys-
tem, as reactive power loads may affect the capacity of gen-
erator assets to respond to load step changes.

In some embodiments, the energy storage unit 110 may be
maintained at a nominal state of charge that is less than
fully-charged, e.g., a state of charge that may be optimal (or
near optimal) for dealing with likely charge or discharge
events associated with load or source step changes. This can
enable the energy storage unit 110 to sink and supply energy
as necessary to perform frequency stabilization.

An example of such operation is shown in FIG. 5. Refer-
ring to FIG. 5 in conjunction with FIG. 1, at a time t,, a load
step increase (or a reduction in source capacity) causes the
controller 130 to discharge the energy storage unit 110 from
a nominal charge level C,, reducing the charge level of the
energy storage unit 110 to a lower charge level C,. At a
subsequent time t,, another load step increase occurs, causing
a further discharge to a charge level C,. At a subsequent time
t;, a load step decrease (or source increase) occurs, and the
control circuit 130 causes the DC/AC converter 120 to trans-
fer energy to the energy storage unit 110, resulting in an
increase to a charge level C;.

At a time t,, however, another major load step increase
occurs, causing the energy storage unit to be discharged to a
state C, that is less than a lower threshold charge level C;. In
response, the controller 130 causes the DC/AC converter 120
to transfer charge from the grid 10 to the energy storage unit
110 until its state of charge returns to the nominal charge level
Cy- As further shown, a subsequent load step decrease at a
time t; may raise the charge state of the energy storage unit
110 to a charge level C, above a higher threshold C,, thus
causing the control circuit to discharge the energy storage unit
110 to the grid 10 to return the energy storage unit 110 to the
nominal charge level C,. In this manner, the charge of the
energy storage unit 110 is maintained within bounds that
allow the system to respond to both positive and negative load
and source changes.

It will be appreciated that the operations shown in FIG. 5
are illustrative of embodiments of the inventive subject mat-
ter, and that variations or modifications of these operations
may be used in various embodiments of the inventive subject
matter. For example, although FIG. 5 illustrates a sequence of
discrete charge/discharge events, it will be understood that
charging and discharging may be done in a continuous or
quasi/continuous manner. It will be appreciated that, in vari-
ous embodiments, charging control models and parameters
thereof, such as levels to which an energy storage unit is
charged (e.g., the nominal charge value C,,) or charge thresh-
olds (e.g., the charge thresholds C,, C;) may be tailored to the
particular application based on a priori information and/or
real-time input. For example, the system could take overall
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system load and fuel-based (dispatchable) generator capabil-
ity into account in setting the nominal state of charge of the
energy storage unit at a level that is desirable for handling
load transients. Control models and parameters may also be
varied based on monitoring of charge and discharge related
events using, for example, adaptive filtering or other predic-
tive techniques.

Maintaining an energy storage source at a less than fully
charged state may provide operational advantages, particu-
larly in devices that are to be used in harsh environments. For
example, the life of an ultracapacitor life may be dependent
on the voltage maintained across the ultracapacitor under
given environmental conditions, such that operating an ultra-
capacitor at significantly less than full rated voltage (on aver-
age) may allow the ultracapacitor to be utilized in environ-
ments that experience greater temperature extremes.
Therefore, a system using ultracapacitors for energy accord-
ing to some embodiments may be used in harsher environ-
ments that lack climate controls, such as the environments
typically present in resource exploration, military and marine
applications, without significantly degrading the reliability
and lifetime of the energy storage and without requiring
energy-consuming and potentially reliability-reducing heat-
ing and/or cooling systems.

Some embodiments of the inventive subject matter may be
advantageously used in island grid applications such as com-
mercial vessels and resource exploration sites. For example,
an exploration site may include a local power distribution grid
10 powered by one or more diesel or natural gas powered
engine/generator sets 20, as shown in FIG. 6. The engine/
generator sets 20 may be located together and/or may be
distributed around a site and separated by distances in terms
of miles. Each engine/generator set 20 may include its own
internal control system, such as an engine speed control loop
that is designed to control fuel flow to the engine to maintain
adesired generator speed as loading of the generator changes.
One or more of the engine/generator sets 20 may also be
configured to provide variable speed generation, e.g., one or
more of the engine/generator sets 20 may include a control
system that allows the engine of the engine/generator set to be
operated at lower speeds to increase fuel efficiency.

A system controller 30 may be configured to control opera-
tion of the engine/generator sets 20, along with ancillary
components, such as circuit breakers and other switches, used
with the engine/generator sets 20. In an exploration site, for
example, such a controller 30 may be used to determine how
many of the engine/generator sets 20 should be active to meet
anticipated load and/or source changes on the grid. For
example, some equipment, such as pumps and drill motors,
may cause relatively large load steps that can cause the rotors
of the engine/generator sets 20 to slow or accelerate appre-
ciably. Although a control loop of an engine/generator set 20
may compensate for the changed load, delays in fuel injection
and the generator control loop combined with the inertia of
the generator rotor can cause significant response delays,
which may cause the frequency of the grid to deviate from
nominal for a significant period of time. Accordingly, in con-
ventional installations, it is common to run significantly more
engine/generator sets than required to meet the current
steady-state load in order to reduce the extent and duration of
such frequency excursions when a load step occurs. This can
be fuel-inefficient, increase emissions and can increase wear
and tear on the engine/generator sets.

As further shown in FIG. 6, a transient frequency stabili-
zation system 100 along the lines discussed above with ref-
erence to FIG. 1 may be coupled to the grid 10 to provide
transient frequency stabilization that allows the system con-
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troller 30 to reduce or otherwise optimize the number of
active engine/generator sets 20 needed to meet load step
changes. The system controller 30 may assume the availabil-
ity of the transient frequency stabilization system 100 and/or
may receive status information to that affect therefrom, and
may control the engine/generator sets 20 based on that avail-
ability information and information pertaining to the load on
the grid 10. Such load information may be provided to the
system controller 30 in a number of different ways, including
from the sensors coupled to the grid 10, the engine/generator
sets 20 and/or the transient frequency stabilization system
100. In some embodiments, the transient frequency stabiliza-
tion system 100 may provide capacity and other information,
which the system controller 30 may use to determine how to
control the engine/generator sets 20. Referring to FIG. 7, the
system may include one or more variable speed engine/gen-
erator (VSG) sets 20' that may be operated at different engine
speeds. As shown, the VSG set 20" may include a generator G
that is driven by an engine E and linked to the grid 10 by a
frequency converter FC, which allows the generator G to be
run a reduced engine speeds while maintaining the appropri-
ate output frequency at the grid 10. The system controller 30
may also determine a set point for the engine/generator set 20'
based on availability and/or capacity of the transient fre-
quency stabilization system 100.

As noted above, a device that provides momentary fre-
quency stabilization as described above may also be used to
control reactive power, distortion VA and other grid variables
on a short-term or long-term basis. According to some
embodiments, this capability may be achieved by including
both short-term, high-demand energy storage with longer-
term, higher capacity storage. For example, as illustrating in
FIG. 8, a transient frequency stabilization system 100' may
utilize high-demand energy storage 110 (e.g., ultracapaci-
tors) with relatively low capacity for frequency stabilization,
reactive compensation, etc., along with higher-capacity stor-
age 140 (e.g., a lithium-ion battery bank) that may be used for
longer-term compensation. As shown, the higher-capacity
storage 140 may be coupled to the grid by a separate converter
150. It will be appreciated, however, that higher-capacity
storage may be combined with high-demand storage in other
ways, such as by coupling to a common internal DC bus.

For example the higher-capacity storage 140 may be used
for compensation of transient overload events of a relatively
longer duration than the transient load step events described
above. For example, if the system controller 30 and/or the
controller 130 of the frequency stabilization system 100" have
a priori knowledge of load events that may intermittently
overload the capacity of the currently active ones of the
engine/generator sets 20, but that have a predictable and
limited frequency and extent. The system 100' may use the
high-capacity storage 140 to “ride out” these events without
having to run an additional one of the engine/generator sets 20
to provide additional ready capacity to meet such demand
events. This approach may allow the engine/generator sets 20
to be operated in a manner that increases fuel efficiency and
that reduces emissions, noise and wear.

The embodiments of FIGS. 6-8 illustrate power distribu-
tion system architectures that may be particularly attractive
for generating significant efficiency gains in existing systems
without requiring elaborate and expensive modifications of
existing equipment. For example, frequency stabilization sys-
tems such as those illustrated can be added an existing power
distribution system at an exploration site or in a vessel without
requiring undue modifications to generators and other exist-
ing equipment that may reduce reliability of those devices
and/or void warranties. Hardware may be flexibly designed to
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operate with a range of equipment models and capacities.
Existing power systems often utilize programmable control-
lers for system controls (e.g., for the system controller 30
shown in FIGS. 6-8), and changes to such system controls
may only require software modifications and/or minor modi-
fications that provide additional control inputs and outputs.

Some embodiments of the inventive subject matter use
diesel and gas generator hybridization technology that inte-
grates configurable energy storage, power converter and con-
trols with a wide range of generators, such as diesel engine/
generator sets, gas engine/generator sets and gas turbine
engine/generator sets, to potentially reduce fuel consump-
tion, emissions, sound, vibration and maintenance costs with-
out unduly impacting the performance, safety or reliability of
the power system. Embodiments may be particularly advan-
tageous in commercial island grid diesel and gas power sys-
tems.

Island grid generators are typically sized with significant
excess rated continuous power capacity in order to carry peak
loads, respond to large transient load steps, and provide
redundancy in support of mission-critical operations. They
typically operate at very high utilization rates, usually 24
hours a day, 7 days a week, 365 days a year, but at relatively
low real load factors, commonly between 15-50%, for
extended periods of oft-peak time. Furthermore, manufac-
turer warranty requirements may result in additional costs
due to the use of self-imposed, manual load banks. This
operating profile may result in lower fuel efficiency, excessive
wear and tear on generators, and notable increases in particu-
late matter (PM) and hydrocarbon (HC) emissions due to the
incomplete combustion of diesel or natural gas fuel. Some
embodiments of the inventive subject matter provide a solid
state generator (SSG) systems and methods of operating the
same that may increase efficiency and reduce emissions.

A typical diesel generator with a 100 kW-1 MW power
range is capable of meeting a 5% frequency regulation while
a maximum load of 50% is applied in one step. FIG. 9 shows
the response to a 100% load step being applied to a diesel
generator. The typical target for frequency accuracy for
marine, industrial and residential loads is 5% or (+-2.5 Hz).
The generator used in the above example would not meet this
specification with a 100% load step.

Natural gas is becoming a more desirable fuel for power
generation than diesel, because of lower fuel cost and
improved emissions. The potential drawbacks of natural gas
engines include reduced step response capability and poor
control performance with light loads.

Table 1 below presents a snapshot of a conventional natural
gas engine’s step response performance:

TABLE 1
Dynamic Dynamic
Frequency Voltage Recovery Time
Deviation Deviation to SS
1¥Load Step
25% +/-16% +-12% 20 Sec
Load Step
25%%* +/-10% +-12% 10 Sec
10% +/-5% +/-3% 5 Sec
5% +/-2.5% +-1% 5 Sec
SS +-1% +-1%

*Note: Valid for block loads above the initial 25% load step
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If the load requires a 5% frequency regulation, the above
engine is capable of accepting only around a 10% load
change, compared to a diesel engine, which may accept
around a 50% load change.

There are a wide variety of different load profiles that
island grid generators may support. FIG. 10 shows a repetitive
load profile (kW 1010 and kVA 1020) that may be seen in an
industrial, marine or oil & gas site. An analysis technique may
apply the following metrics to a generic load profile as shown
in Table 2:

TABLE 2
Unit of
Metric Description measure

1 Average power kW]
2 Base load kW]
3 Peak load kW]
4 Number of transient peaks [count]
5 Rise time in 25, 50, 75 and 100% of [kW/s]

peak
6 Fall time in 25, 50, 75 and 100% of [kW/s]

peak
7 Duration of peaks [s]
8 Load bank usage kWh [kWh]
9 Multi generator run time [s]

Based on the above metrics and customer specific cost of
fuel information, it is possible to select the optimal size SSG
storage and power converter model for each customer appli-
cation.

In order to determine the full cost of ownership in an island
grid generator installation and operation, the following costs
may be accounted for:

Initial cost of engine(s)

Initial cost of alternator(s)

Cost of power system materials, breakers, wiring, fusing,

transformers

Load bank capital cost

Initial installation cost

Fuel cost to support end customer load

Fuel cost to support load bank (if applicable)

Fuel cost of running second redundant generator (if appli-

cable)

Maintenance cost of second redundant generator

Cost of generator inefficiency (non-optimal operating
point)

Generator maintenance cost, oil, filters, routine mainte-
nance

Periodic generator top end and major overhauls

HVAC cost to condition engine room (if applicable)

Excess capital and maintenance cost of equipment engi-

neered to operate under large frequency deviations:
motors, variable frequency drives, pumps, etc.

Once an industrial island grid power system is designed,
special attention may be paid to back-feed power consider-
ations. If the load profile has a regenerative/back-feed power
requirement, an active motor break or passive load bank may
be advantageous. A typical island grid generator might not be
capable of sinking significant amounts of energy. In the case
of reverse power, the generator might go over speed, trip off
due to over frequency or possibly suffer damage to the alter-
nator or engine. In order to properly design the power system,
load banks are commonly used. Drawbacks of using the load
bank are excessive fuel consumption and in some cases
increased heat. Load banks are also used for pre-loading the
generator, so that in the initial load step, it would meet the
desired transient frequency requirement. If a passive load
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bank is used for creating this base load, it may also create an
unnecessary operational cost burden.

In order to minimize these unwanted load bank energy
charges, an SSG system according to some embodiments of
the inventive subject matter may be used. The SSG system
may not only address the transient response issues but may
also function as an electronic load bank.

In order to understand the physics behind the limited step
response capability of diesel and natural gas engines, it may
be useful to look into a formula that represents mechanical
and electrical energy parameters in a dynamic system model:

where

E=kinetic energy stored in the rotor

I=rotational inertia (related to the mass of the rotor)
w=angular velocity

T=total rotor torque

P,=electrical load

T, ~engine torque, controlled by injection rate and engine
governor lag

a=rotational acceleration

Typical natural gas engines use a single manifold fuel feed,
which generally limits how fast a pressurized fuel mixture of
oxygen and natural gas can be increased in a combustion
chamber. This lag may restrict how fast the mechanical torque
can be increased. As can be seen from the above formula, if
there is a constant power demand from the load, given the
limited mechanical torque change, the speed of the engine
may change as a function of kinetic mass. There is a direct
relationship between axle speed and output to critical cus-
tomer load bus frequency. If a customer has certain frequency
regulation requirements, the above dynamical dependency
will generally limit the maximum single load step that a
natural gas engine can support.

System engineers have addressed the frequency step
response issue by oversizing generators and/or by utilizing
additional mechanical mass, like flywheels, to mitigate the
issue through mechanical means. Other mechanical engineer-
ing solutions to transient problems include dual fuel and
dual-concentric needle design. All these may improve perfor-
mance but may not solve the fundamental issue of insufficient
power during transients. Even if these alternative mechanical
engineering based solutions are used, there still remains the
challenge of natural gas engines, which may require load
bank usage.

Modern high efficiency power conversion and high effi-
ciency storage chemistries enable system designs that add
electrical energy storage, which may be used to overcome the
limitations of mechanical energy storage. In a SSG system
according to some embodiments of the inventive subject mat-
ter, electrochemical storage can be sized in a cost efficient
manner while at the same time using a smaller footprint. SSG
in combination with a natural gas generator may provide a
step response that meets or exceeds a diesel generator step
response performance. A good time to consider SSG is during
the initial system design of new construction. Benefits of the
SSG system may include reducing the generator size, match-
ing the average load, removal of load banks, increased fuel
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efficiency, and lower emissions. Basic operations of an SSG
system according to some embodiments are illustrated in
FIG. 11 and described below.

Traditionally, generator controllers are programmed to
implement voltage to frequency droop where the output volt-
age changes in proportion to: the output frequency to enable
paralleling and improve the frequency response. In the case of
aresistive or passive load, this droop method may be useful in
addressing the frequency regulation problem. However,
many industrial processes use active Variable Frequency
Drives (VFD), which may demand substantially constant
power. In the case of a load requiring constant power, voltage
drop due to the frequency droop may be harmful, causing
current ratings of devices to be exceeded and circuit breakers
to be prematurely tripped. When using an SSG according to
some embodiments of the inventive subject matter as part of
a system, the active VFD loads may be served from the SSG
without little or no adverse effect to the generator. SSG may
provide transient magnetizing current as well as transient
active power energy storage, allowing an engine to operate
within its dynamic response capability limits and at a desir-
able operation point. This may result in improved fuel effi-
ciency and reduced emissions.

FIG. 11 shows response of a generator and SSG to step load
increases and decreases. FIG. 12 illustrates behavior of a
system with at least one generator G and a solid state genera-
tor SSG during a 100 kW to 1 MW (90%) load step (the
storage element charge level is illustrated on the left side of
the figure, and arrows illustrate the SSG active power flow).
After this discharge sequence, the storage may be charged
back to its desired average charge level. FIG. 13 illustrates
behavior of the solid state generator SSG and the at least one
generator G during load removal in the case of non-regenera-
tive braking.

Storage chemistry and size are factors in optimizing the
SSG storage element. There are several high-efficiency stor-
age chemistries available, such as different variants of Li-Ion,
NiZn, ultra-capacitors, and hybrid ultra-capacitor solutions.
FIGS. 14 and 15 show several different storage chemistry
solutions where volumetric size (vertical axis) is compared as
a function of run time (horizontal axis) in minutes. FIG. 14
shows that in order to maintain a reasonable volumetric size
of an ultra-capacitor solution, runtime may be limited, e.g., to
less than 2 minutes. In order to better visualize the differences
between the other chemistries, FIG. 15 shows the same infor-
mation, except for ultra-capacitors, on an expanded time
scale.

The cyclic load profiles found in industrial and oil and gas
(O&G) customer cases may require as high as 100,000 cycles
in a 3-5 year storage life. A 5 year life is considered a desired
minimal customer requirement for fielded life expectancy.
Based on the information in FIGS. 14 and 15, ideal storage
chemistry for short duration transient response electrochemi-
cal storage may be a NiZn or Li-lon titanate oxide (“LTO”).
However, cycle life capability of each chemistry may also be
considered in making a choice of storage chemistry.

LTO cycle life can be as high as 6,000-9,000 full depth of
discharge cycles as specified from vendors. When very light
depth of discharge usage occurs as part of SSG, the Li-Ion
battery may meet the 100,000 cycle requirement. Depending
on a specific customer’s load profile, LTO may be a suitable
option for storage selection, assuming that environmental and
cost requirements meet customer needs.

NiZn has a very limited cycle life and therefore is generally
not suitable for high cycle life application, even though it is
the most energy dense storage chemistry available.
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A typical ultra-capacitor cycle life is 1,000,000 cycles. The
life of an ultra-capacitor is largely a function of float voltage
and temperature. In an SSG application, the float voltage may
be kept low in order to have storage available for regenerative
braking. That may allow exploitation of a full potential life
cycle of storage without significant oversizing.

A technical challenge of utilizing ultra-capacitors is a
wider voltage swing compared to other storage chemistries.
The proper power conversion selection may be addressed by
utilizing rugged, high overload capable, water cooled drives.
Power converters may use a topology that enables maximum
extraction of energy in all operating conditions from ultra-
capacitors.

As presented in the above description, an SSG system
according to some embodiments of the inventive subject mat-
ter may achieve significant cost savings through a technical
solution for power generation challenges. Potential benefits
include:

Savings in initial engine cost

Reduced size requirement of alternator

Reduced cost of power system materials, breakers, wiring,

fusing, transformers

Removal of load banks

Reduced installation cost

Reduced ongoing fuel expense

Removed redundant generator

Reduced generator maintenance cost, oil, filters, routine

maintenance

Reduced number of generator overhauls

In the drawings and specification, there have been dis-
closed typical embodiments of the inventive subject matter
and, although specific terms are employed, they are used in a
generic and descriptive sense only and not for purposes of
limitation, the scope of the inventive subject matter being set
forth in the following claims.

That which is claimed:

1. An island grid power supply system comprising:

at least one energy storage unit;

at least one converter coupled to the at least one energy

storage unit and configured to be coupled to an island
grid; and

a control circuit configured to detect a frequency variation

of the island grid and to responsively cause the at least
one converter to transfer power between the at least one
energy storage unit and the island grid, wherein the
control circuit comprises a frequency control loop con-
figured to reduce a frequency error of the island grid and
apower control loop configured to reduce a power trans-
fer between the energy storage unit and the island grid
and wherein the control circuit is configured to control a
power transfer from the energy storage unit to the island
grid based on a combination of outputs of the frequency
control loop and the power control loop.

2. The system of claim 1, wherein the control circuit is
configured to cause a power transfer between the energy
storage unit and the island grid to compensate for a load
response delay of at least one generator coupled to the island
grid.

3. The system of claim 2, wherein the control circuit is
configured to reduce a power transfer from the energy storage
unit to the island grid responsive to the at least one generator
delivering increased power to the grid.

4. The system of claim 1, wherein the at least one energy
storage unit comprises a first energy storage unit and a second
energy storage unit and wherein the control circuit is config-
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ured to selectively transfer power between the first and second
energy storage units and the island grid under respective first
and second load conditions.

5. The system of claim 4, wherein the first energy storage
unit has a greater demand capability than the second energy
storage unit and wherein the second energy storage unit has a
greater energy storage capacity than the first energy storage
unit.

6. The system of claim 4, wherein the at least one converter
comprises first and second converters configured to couple
respective ones of the first and second energy storage units to
the island grid.

7. A system comprising:

an island grid;

at least one engine/generator set coupled to the island grid;

and

a transient frequency stabilization system comprising at

least one energy storage unit and configured to detect a
frequency deviation of the island grid and to respon-
sively perform a momentary transfer of energy between
the at least one energy storage unit and the island grid,
wherein the transient frequency stabilization system
comprises:

at least one converter coupled to the at least one energy

storage unit and configured to be coupled to the island
grid; and

a control circuit configured to detect a frequency variation

of the island grid and to responsively cause the at least
one converter to transfer power between the at least one
energy storage unit and the island grid, wherein the
control circuit comprises a frequency control loop con-
figured to reduce a frequency error of the island grid and
apower control loop configured to reduce a power trans-
fer between the energy storage unit and the island grid
and wherein the control circuit is configured to control a
power transfer from the energy storage unit to the island
grid based on a combination of outputs of the frequency
control loop and the power control loop.

8. The system of claim 7, wherein the control circuit is
configured to cause a power transfer between the energy
storage unit and the island grid to compensate for a load
response delay of at least one generator coupled to the island
grid.

10

15

20

25

30

35

40

16

9. The system of claim 7, wherein the at least one energy
storage unit comprises a first energy storage unit and a second
energy storage unit and wherein the control circuit is config-
ured to selectively transfer power between the first and second
energy storage units and the island grid under respective first
and second load conditions.

10. The system of claim 7, wherein the at least one engine/
generator set comprises at least two engine/generator sets
coupled to the grid and wherein the system further comprises
a system controller configured to control the at least two
engine/generator sets responsive to an availability of the tran-
sient frequency stabilization system.

11. The system of claim 7, wherein the transient frequency
stabilization system is configured to support an island grid
load in response to a failure of a first engine/generator set until
a second engine/engine generator set assumes the island grid
load.

12. The system of claim 7, wherein the at least one genera-
tor comprises a variable speed generator.

13. A system comprising:

at least one generator coupled to an island grid;

at least one energy storage unit;

at least one converter coupled to the at least one energy

storage unit and configured to be coupled to the island
grid; and

a control circuit configured to cause the at least one con-

verter to transfer power between the at least one energy
storage unit and the grid responsive to a change in a load
on the island grid to maintain operation of the at least one
generator at a predetermined operating point, wherein
the at least one generator comprises a control system
configured to match generator output to the load and
wherein the control circuit is configured to maintain the
control system of the at least one generator within a
predetermined dynamic response capability limit
responsive to the change in the load.

14. The system of claim 13, wherein the at least one energy
storage unit comprises at least one ultracapacitor.

15. The system of claim 13, wherein the at least one gen-
erator comprises a natural gas engine and/or a diesel engine.
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